The paper is addressed to the construction of an optimally bidding for a Micro Grid (MG) that takes part to both day-ahead energy and spinning reserve markets. The work shows that the decision about the amount of power to offer, related to the expected prices and different risk tolerances, must be taken contextually through a joint approach. For that purpose, an optimization problem is formulated. In order to help the decision maker to understand the potential impact of different sub-optimal choices, the model evaluates also the risk associated with the uncertainty of variable power to offer in the both markets. The risk associated is evaluated by the expected utility theory that takes into account the attitude of individuals with regard to risk (adversion, neutrality or propensity) to make decision that minimize negative returns. The effectiveness of the proposed model is assessed through the analysis of a MG composed by traditional power plants, combined heat and power (CHP) plants, and heat production plants (boilers). The presence of storages systems is also accounted for. Moreover, it is considered that both generators and loads can take part in the reserve market and the demand participation happens through both shiftable and curtailable loads.
INTRODUCTION
In the deregulated electricity market the negotiation process between buyers and sellers does not end in the wholesale energy market. In fact, the last step of the process is represented by the ancillary services market, in which imbalances between programmed and real flows are deleted.
The ancillary services are: frequency control, voltage support and black start. In turn, the frequency control is exercised through several levels of regulation. The UCTE (Union for the Coordination of the Transmission of Electricity) defines three types of reserve: primary, secondary and tertiary. These correspond in FERC (United State of Energy Regulatory) to regulation, spinning and not spinning reserve [1, 2] .
The voltage support and black-start services are, in most countries, mandatory services, more suitable for purchases based on long-term contracts [3, 4] .
So it is also for the primary reserve service (with the exception of the California market). Instead, the secondary and tertiary reserve services are optional services, procured by the ISO by means of hourly competitive auctions. Generally, there are separated auctions for each reserve; they are performed the day before at the actual exchange, temporally placed downstream of energy market, i.e after the last session of the adjustment market [5] .
In this work, a MG is considered as participant in both of day-ahead energy and spinning reserve markets. The participation in the markets is done with the double role of consumer and producer, depending on the direction of hourly exchanged power with the upstream grid.
A low-voltage MG is characterized by a small amount of total capacity, while the market rules generally require that almost a fixed amount of energy must be offer in the reserve market. In order to respect the power limit, we assume that the bid to present into the market is a virtual aggregated bid, resulting from the offers of more microgrids (MGs), formulated by each prosumer in independent way. For this purpose, we hypothesized that an aggregator exists and acts on behalf of all.
Similar to the energy market, in the reserve market the equilibrium point between the demand and supply determines the MCP for that hour (in following called reserve market price).
The demand curve is defined by the Independent System Operator (ISO), using an appropriate risk indexes linked to the probability of occurrence of faults. The supply, dependent on the price, is the aggregate curve of the single offers of the bidders. Since the capacity is reserved and procured in advance, and the energy is dispatched in response to real time imbalances, any bid is characterized by two different prices: the first one (E/MW) for reserved capacity and the second one (E/MWh) for dispatched energy [2, 6, 7, 8] .
The objective of this paper is to show how the MG develops an optimal coordinated bidding strategy for the day-ahead energy and spinning reserve markets, evaluating different MG risk tolerances (adverse, neutral and incline).
The focus is the formulation of an appropriate mathematical optimization model written in a general and complete manner. It, in fact, considers a MG in which both thermal and electrical loads must be satisfied, so that in the MG only electricity power plants, combined heat and power (CHP) plants, and heat production plants (boilers) are already installed.
The presence of thermal and electrical storage systems is also accounted for. Moreover, it is considered that both generators and loads can participate in the reserve market.
The demand participation happens through both shiftable and curtailable loads [9] .
The remaining of the paper is organized as follows: bidding strategy is discussed in section II and formulated in section III; discussion and conclusion are presented in final section.
THE BIDDING STRATEGY AND LITERATURE REVIEW
In [10] is shown how the MG submits, in the day-ahead energy market, bidding curves price-quantity consistent with the results obtained by the optimal management problem [11, 12] . In this work, indeed, the bidding strategy is limited to the submission, in the day-ahead energy and reserve markets, of the only one value of the optimal hourly powers exchanged with main grid, obtained in correspondence to the most probably hourly market price profiles.
The participation also in the reserve market introduces an additional level of complexity in the MG operation, but offers the potential for additional revenue.
From the MG's point of view, the energy and the spinning reserve markets are interdependent: in fact, as more power is produced for the energy market, as less it can be produced for the reserve market, and vice-versa.
That can imply to "withhold" capacity to offer into the energy market and reduce the quantity to offer it into reserve market, or reduce capacity into the energy market and grow up capacity to offer it into reserve market.
The decision about how much power is to be allocated in each market and at what price, must be taken a priori and contextually, that is through a joint approach. To split the decision time, namely to wait for the outcomes of the energy market and to offer, according to a sequential approach, in reserve market only the eventually residual capacity, does not optimize the MG operation.
So, a joint model must explicitly consider, among decision variables, the powers -those exchanged with the main grid and those generated by each unit, and the curtailable loads, for both markets.
These decision variables are added to the shiftable loads and to the levels and powers of the storages.
The participation of the reserve market involves that the benefits for MG can increase.
The amount of the additional revenues depend on the way in which reserve payments are made. More specifically, there are markets in which the reserve power is paid at reserve price, only when reserve is actually used. In others, the reserve power is paid, at reserve price, when reserve is allocated but not used, and, at energy price, when the reserve is used [13, 14, 15] .
Moreover, in this paper, we assume that a "perceived probability", "rt", that reserve is called, is equal to 0 (MG does not take part in reserve market) or to 1 (the MG takes part in the reserve market).
The perceived probability is related to the density of probability that the reserve is called, obtained by analyzing historical series, different from hour to hour; moreover, it is related to a threshold value that MG assumes according to its propensity/adversity to risk.
In the problem there are, thus, three sources of uncertainty: the first one is linked to the not programmable renewable generation; the second to the market prices and the third just to the density of probability that reserve will be called to produce.
The problem considered in this paper was dealt with in literature almost always from the point of view of traditional generation companies (GENCOs), using sequential models [16, 17, 18, 19, 20, 21] or joint model [13, 14, 15, 22, 23, 24, 25, 30] .
However, papers that address the problem with reference to VPPs or MGs are not lacking in literature [26, 27, 28, 29] . We underline that none of the last citated works formulate, as in this work, a model that allows to deal with together the cases of the call and of the not call the reserve (this is particularly relevant if inter-temporal constraints exist, as those introduced by shiftable loads and storage systems). Furthermore, none of the citied works considers the cogeneration and none treats shiftable loads.
METHODOLOGY
The proposed methodology focuses on solving ED problem consists in the development of a bidding algorithm for MGs. Our approach is organized in the following steps.
First step: the evaluation of uncertainty of reserve market calling.
The uncertainty of reserve market calling is estimated being the main limiting factor for the participation of a MG in the Day-Ahead market [3] . The Storical Series methodology is considered to estimate this uncertainty: by historical Series data, in fact, it is possible determinate a probabilistic density function (pdf) about the possibility that the reserve would be called. A threshold is established to determinate if MG can partecipate to the reserve market or not. In order to esplicitate these voluntaries, a binary variable is inserted into the model: if MG takes part to the market, the variable will be equal to 1, differently it will be equal to 0.
Second Step: the optimization process and implementation of model Under the hypothesis loads are known, model outcomes become the exchanged power distribution grid and the production from DERs.
Moreover, the risk associated with the uncertainty of variable market price is analyzed to understand the potential impact of different sub-optimal choices.
There are different ways to evaluate the risk associated with a decision [22] . In this work expected utility theory is used [18, 30] .
This theory evaluates the choices privileging outcomes with the highest expected utility rather than with the highest expected value. The expected utility theory takes into account the attitude of individuals with regard to risk (adversion, neutrality or propensity) to make decision that minimize negative returns [23] . According to this approach, for each possible outcome x a certain value is assigned on the basis of the individual's utility function u(x). The expected utility is obtained as average weighted utilities associated with each possible outcome probability [15, 24, 27, 28] , where each weight is determined by the respective outcome probability.
The input/output from both two steps are used to determine the optimal bids to present in the Day-Ahead market [6, 17] . In terms of optimization model, the main original contribution provided by the Authors is linked to the methodology proposed and evaluation of the risk associated with the uncertainty of variable market price.
Weight coefficients ( 1 and 2 ) are introduced by the Authors into the model with the aim to recognize the overproduction or underproduction status. The applied methodology helps the decision maker of MG to realize the potential impact of a wrong decision.
THE MODEL
The optimal management problem consists in researching, hour-by-hour during the day, the values of energy exchanged with the main distribution network, the energy production of each dispatchable unit, and the controllable load profiles that optimize an economic objective. Also the choices of the thermoelectric units that must be in operation on an hourly base and the determination of the internal network status consistent with operating constraints are part of the problem.
But, as it is considered in [10] , in deriving the offers to present in the market, can be opportune to solve only the subproblem that considers the internal electrical network of the MG as a busbar and that assumes all production units are in operation.
It is assumed that: all different production units (generators and co-generators, as well as the curtaibles loads) have the requirements to provide reserve service; the load shedding is used also for the energy market; the MG can estimate fixed loads, RES production, and prices of energy and spinning reserve markets for each hour through the analisys of time series; the MG knows the density of probability that the reserve will be called to produce, which, according to [25] , and contrary to [13, 14, 15] , has different values from hour to hour.
Objective function
The revenues, R, are related to energy sold in the reserve market and, if there is, in the energy market. Neglecting the management costs of storage and shifting, the costs, C, are related, instead, to the energy bought from the main grid, if there is, to production costs of generators, cogenerators and boilers and, finally, to load shedding.
That said, assuming that the exchanged power in the energy market is positive if it is bought and negative if it is sold, and assuming that the energy market price is equal inthe buying and selling phases, the objective function to maximize is: 
The first term of (1) represents the revenue, R, from the participation to the reserve market, supposing that the reserve power is paid, at reserve price, only when reserve is actually used.
If, moreover, the reserve power is paid, at reserve price, when reserve is allocated but not used, and, at energy price, when the reserve is used, it must be changed in:
" " is a binary variable that id equal to 0 if MG does not take part to reserve market, or 1 if it takes.
The value is related to the density of probability that reserve is called, obtained by historical series, different from hour to hour.
In order to evaluate the "total power" to offer in the reserve market taking into account the propensity/adversity to the risk, a weight is inserted in the function:
The last term represents the difference between the expected value of the reserve power and the season reserve values in the same hour.
1 and 2 take into account the difference ( ( ) − ), in the wholesale and reserve markets, respectively.
The introduced weight assumes different values in under production and over production cases.
The function and are built as traditional functions of demand and supply in the market. It is important consider them into the model because several countries have in place legislation requiring power producers to pay penalties proportional to the errors of the reserve forecast, which makes the accuracy of such prediction a determining factor for producer their economic losses. Constraints The basic equality constraints are the thermal and electric balance constraints. Assuming that the storage powers are positive during the discharge and negative during the charge, they are the fixed loads, for each interval, is curtailed by RES production: 
In (3), , is the shifted power of the j th shiftable load.
As shown in [30] , the relationship between the loads before and after shifting can be represented by introducing binary variables , .
The condition , = 1 identifies the initial interval t where the ℎ shiftable load starts to be supplied for the next hours. Considering that the profile of the jth shiftable load starts only once, only a binary variable can be equal to one. Moreover, only the first ( -+ 1) binary variables can be defined because each , variable is associated with the next ( + 1) variables , It must happen that:
Then, let us consider that only the variables associated with
, …,
assume positive values. Specifically, each , with k= t-s+1, assumes the value − +1, . This way, the links between shiftable and shifted loads are:
Additional equality constraints can be derived, then, from modeling of the storage units. In fact is necessary to express:
-the variation of the storage levels:
-the restoration of the storage levels:
Finally, the following inequality constraints must be considered:
-limits on cogenerators production: 
,
-limits on boilers production:
-limits on generators production:
, + , ≤
-limits on curtailable loads:
limits on exchanged power:
-limits on storage levels:
-limits on storage powers:
It is noted that the model does not evaluate the arbitrage opportunities: MG cannot buy more energy in the energy market to sell more into the reserve market. If arbitrage is admitted, the constraints (10) and (13) must be written as:
Mathematically the problem is a non linear mixed integer programming problem. However, if the shiftable loads are not taken into account, it becomes an easier non linear programming problem.
CONCLUSIONS
This paper focused on the participation of a microgrid in both day-ahead energy and reserve spinning market.
It was shown how the MG solves a decision-making problem about the development of an optimal bidding strategy for both markets, evaluating different risk tolerances (adverse, neutral and incline). The strategy was based on the consideration that the decision about how much power is to be offered in each market, and at what price, must be taken a priori and contextually, namely through a joint approach.
The model was written in a general and complete way. It, in fact, considered a MG in which both thermal and electrical loads must be satisfied, so that in the MG only electricity power plants, combined heat and power (CHP) plants, and heat production plants (boilers) were already installed. The presence of thermal and electrical storage systems is also accounted for. Moreover, it was considered that both generators and loads can take part in the reserve market.
The demand participation happens through both shiftable and curtailable loads.
In this work, the bidding strategy is limited to the submission, in the day-ahead energy markets, of the only one value of the optimal hourly powers exchanged with the main grid, obtained in correspondence to the most probably hourly market profiles.
Future reserch will focus on the formulation of the optimal bidding curves to present in two markets and on the resolution of the Unit Commitment problem.
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